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IOH[XUDOVWLIIQHVVNSLHU (FOVÂ,KVLQZKLFK(FOV *3DLVWKHFUDFNHGUHLQIRUFHGFRQFUHWH<RXQJ¶VPRGXOXVDQG,
LVWKHPRPHQWRILQHUWLDRILQWHUHVWRIWKHSLHUFURVVVHFWLRQZHUHHYDOXDWHGWRREWDLQJLYHQYDOXHVIRUWKHVWDWLFDQG
VHLVPLF IDFWRUV RI VDIHW\ XQGHU GUDLQHG FRQGLWLRQV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ÂJ LV WKH
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3ULRUWRSHUIRUPLQJWKHG\QDPLFFRXSOHGDQDO\VHVDJURXQGUHVSRQVHDQDO\VLVLQIUHHILHOGFRQGLWLRQVZDVFDUULHG
RXWZLWK WKH FRGH0$57$ >@ DVVXPLQJ D QRQOLQHDU YLVFRXVHODVWLF VRLO EHKDYLRXU WKH FXUYHV DVVXPHG IRU WKH
VKHDUPRGXOXVGHFD\DQGWKHGDPSLQJUDWLRLQFUHDVHZLWKWKHVKHDUVWUDLQZHUHWKRVHSURSRVHGE\6HHGDQG,GULVV
>@IRUWKHJUDYHOO\VDQGDQGE\9XFHWLFDQG'REU\>@IRUWKHVLOW\FOD\
7KH'PRGHOLQWKHFRGH3OD[LVZDVWKHQFDOLEUDWHGIRUG\QDPLFFRQGLWLRQVDJDLQVWWKHUHVXOWVREWDLQHGLQWKH
DIRUHPHQWLRQHG JURXQG UHVSRQVH DQDO\VLV 7R WKLV SXUSRVH D VTXDUH FROXPQ RI VRLO RI KHLJKW K P DQG VLGH
O P ZDV FRQVLGHUHG DQG D JURXQG UHVSRQVH DQDO\VLV ZDV FDUULHG RXW DVVXPLQJ D OLQHDU YLVFRXVHODVWLF VRLO
EHKDYLRXU)(0/(FKDUDFWHULVHGE\WKHRSHUDWLYHYDOXHVRIVKHDUPRGXOXV*DQGGDPSLQJUDWLR[DVSURYLGHGE\
WKH DQDO\VLV SHUIRUPHG ZLWK WKH FRGH0$57$ 7LHGQRGHV ERXQGDU\ FRQGLWLRQV >@ ZHUH DOVR LPSRVHG LQ WKH
GLUHFWLRQ RI DSSOLFDWLRQ RI WKH LQSXW PRWLRQ WR IRUFH QRGHV DW WKH VDPH GHSWK WR KDYH WKH VDPH KRUL]RQWDO
GLVSODFHPHQWV 7KH 1HZPDUN WLPH LQWHJUDWLRQ VFKHPH ZDV HPSOR\HG ZLWK WKH PHGLXP DFFHOHUDWLRQ PHWKRG WR
HQVXUHWKHDOJRULWKPWREHXQFRQGLWLRQDOO\VWDEOHD E 0D[LPXPDFFHOHUDWLRQUDWLRDPD[DPD[LQSDQG
PD[LPXPVKHDUVWUDLQJPD[SURILOHVDUHSORWWHGLQ)LJXUHVKRZLQJDYHU\JRRGDJUHHPHQWZLWKWKRVHDULVLQJIURP
WKHDQDO\VLVSHUIRUPHGZLWK0$57$WKLVFRQILUPLQJWKHJRRGFDOLEUDWLRQRIWKHPRGHO
7KH VDPH IUHHILHOG JURXQG UHVSRQVH DQDO\VLV ZDV FDUULHG RXW DVVXPLQJ DQ HODVWLFSODVWLF K\VWHUHWLF VRLO
EHKDYLRXUWKLVZDVGHVFULEHGE\WKH+6VPDOOPRGHO)(0+6VPDOO
149 Domenico Gaudio and Sebastiano Rampello /  Procedia Engineering  158 ( 2016 )  146 – 151 

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WKHJURXQGUHVSRQVHDQDO\VLVSHUIRUPHGZLWKWKHFRGH0$57$DQGD5D\OHLJKGDPSLQJUDWLR[ ZDVDGGHGWR
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ORZHUYDOXHVRIPD[LPXPDFFHOHUDWLRQVQHDUWKHJURXQGVXUIDFHEHFDXVHRI\LHOGLQJFDXVHGE\WKHSHDNVKHDUVWUDLQ
DWWDLQHG DW ] P VLPLODU YDOXHV DQGSURILOHV RIJPD[ DUH UHWULHYHG WKLV FRQILUPLQJ WKHJRRG FDOLEUDWLRQRI+6
VPDOOSDUDPHWHUVUHODWHGWRFKDQJHVRIVKHDUPRGXOXVDQGGDPSLQJUDWLRZLWKLQFUHDVLQJVKHDUVWUDLQV
)(FRXSOHGG\QDPLFDQDO\VHV
$VUHSRUWHGLQ)LJXUHDWKHLQSXWPRWLRQZDVDSSOLHGLQWKH[GLUHFWLRQRQO\WKLVDOORZHGWRSHUIRUPWKH')(
FRXSOHG DQDO\VHV E\ PRGHOOLQJ RQO\ KDOI RI WKH GRPDLQ )LJXUH F 7KH GLVWDQFHV RI WKH ERXQGDULHV ZHUH
SUHOLPLQDULO\FDOLEUDWHGE\SHUIRUPLQJVHQVLWLYLW\DQDO\VHV LQSVHXGRVWDWLFFRQGLWLRQVDQGFKHFNLQJ WKDW WKH\ZHUH
SODFHGMXVWRXWVLGHWKH³SUHVVXUHEXOE´>@'\QDPLFERXQGDU\FRQGLWLRQVDUHWKHVDPHDVSUHYLRXVO\GHVFULEHGIRU
IUHHILHOGJURXQGUHVSRQVHDQDO\VHV$IWHUWKHLQLWLDOLVDWLRQRIWKHVWUHVVVWDWHDYROXPHWULFVWUDLQHYZDVDSSOLHGWR
WKHYROXPHWKDWZRXOGEHILOOHGE\WKHFRQFUHWHFDLVVRQWRVLPXODWHLWVFRQVWUXFWLRQVWDJHVWKXVUHDFKLQJDFWLYHOLPLW
FRQGLWLRQVEHKLQGWKHVKDIWODWHUDOVXUIDFH$IWHUWKHDFWLYDWLRQRIWKHFDLVVRQDQGWKHSLHUXQGHUGUDLQHGFRQGLWLRQV
WKH G\QDPLF DQDO\VLV ZDV SHUIRUPHG LQ WHUPV RI HIIHFWLYH VWUHVVHV DVVXPLQJ XQGUDLQHG FRQGLWLRQV DW WKH HQG RI
HDUWKTXDNHORDGLQJFRQVROLGDWLRQDQDO\VHVZHUHFDUULHGRXWWRDOORZHTXDOLVDWLRQRISRUHZDWHUSUHVVXUH7KHSLHULV
PRGHOOHGZLWKDEHDPHOHPHQWDWWKHVRLOFDLVVRQFRQWDFWLQWHUIDFHHOHPHQWVZLWK0RKU&RXORPEIDLOXUHFULWHULRQ
DUHLQWURGXFHGWRVLPXODWHJHRPHWULFQRQOLQHDULWLHVVXFKDVUHODWLYHVOLGLQJ
0D[LPXP DQG SHUPDQHQW GLPHQVLRQOHVV KRUL]RQWDO GLVSODFHPHQW RI WKH GHFNV X[GHFNKV DQG URWDWLRQ RI WKH
FDLVVRQV UHSRUWHG DV WDQTFDLVVRQ DUHSORWWHG LQ)LJXUHYHUVXV WKHSHULRG UDWLR7HT7,VRLOZKHUH7HT LV WKHQDWXUDO
SHULRGRIWKHVRLO±FDLVVRQ±SLHUV\VWHPDQG7,VRLO VLVWKHILUVWQDWXUDOSHULRGRIWKHIRXQGDWLRQVRLOFROXPQ
ERWKHYDOXDWHGIURPWKH'DQDO\VHV'LVSODFHPHQWVDQGURWDWLRQVGHFUHDVHZLWKLQFUHDVLQJ7HT7,VRLODQGDWWDLQWKHLU
KLJKHVWYDOXHVIRU7HT7,VRLO§


)LJ0D[LPXPDQGSHUPDQHQWDGLPHQVLRQOHVVKRUL]RQWDOGHFNGLVSODFHPHQWEFDLVVRQURWDWLRQ
       
7HT7,VRLO





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)LJ ,QIOXHQFHRI7HT7,VRLORQVRLO\LHOGLQJDW WKHEDVHRI WKHFDLVVRQ DPD[LPXPKRUL]RQWDODFFHOHUDWLRQDW WKHGHFN OHYHOFRPSDUHGZLWK
VSHFWUDODFFHOHUDWLRQREWDLQHGLQIUHH±ILHOGFRQGLWLRQVEFRQWRXUVRIPRELOLVHGVKHDUVWUHQJWKDWWKHHQGRIWKHVHLVPLFVKDNLQJFH[FHVVSRUH
ZDWHUSUHVVXUHWLPHKLVWRULHVDWWKHFDLVVRQEDVHV
7KLVFDQEHDWWULEXWHGWRWKH\LHOGLQJRIVRLO IRXQGDWLRQRFFXUULQJDW WKHFDLVVRQEDVH LQWKDW ODUJHUSRUWLRQVRI
VRLODWWDLQIXOOPRELOLVDWLRQRIVKHDUVWUHQJWKXQGHUQHDWKWKHFDLVVRQEDVHIRUYDOXHV7HT§7,VRLO)LJ6SHFLILFDOO\
LQ)LJXUHDWKHPD[LPXPKRUL]RQWDODFFHOHUDWLRQDWWDLQHGDWWKHGHFNOHYHOVDPD[GHFNDUHSORWWHGZLWKIXOOFLUFOHV
WRJHWKHU ZLWK WKH VSHFWUDO DFFHOHUDWLRQ REWDLQHG IRU GDPSLQJ UDWLR [     DW WKH JURXQG OHYHO LQ IUHHILHOG
FRQGLWLRQV XQGHU WKH K\SRWKHVHV RI QRQOLQHDU YLVFRXVHODVWLF 0$57$ DQG HODVWLFSODVWLF +6 VPDOO VRLO
EHKDYLRXU7KHPD[LPXPDFFHOHUDWLRQVDWWKHGHFNOHYHOVDUHPXFKORZHUWKDQWKRVHGHULYLQJIURPWKHVSHFWUDIRU
77,VRLO§ZKLOH IROORZ WKH VSHFWUD IRU77,VRLO7KLV LV UHODWHG WR WKHKLJKHU GHJUHHVRIPRELOLVDWLRQRI WKH
VKHDU VWUHQJWK W DWWDLQHGZKHQ7HT7,VRLO§ DV UHSRUWHG LQ)LJXUHEZKHUH WKH FRQWRXUV RI WUHO DW WKH HQGRI WKH
VHLVPLFVKDNLQJDUHSORWWHG)XUWKHUPRUHZKHQ7HT7,VRLO§PXFKKLJKHUYDOXHVRIH[FHVVSRUHZDWHUSUHVVXUHV'X
DWWKHEDVHRIWKHFDLVVRQDUHDOVRDWWDLQHGSRLQWV$DQG%LQ)LJF
(TXLYDOHQWKRUL]RQWDOVHLVPLFFRHIILFLHQW
7KHG\QDPLFDQDO\VHVSURYLGHWKHDFFHOHUDWLRQWLPHKLVWRULHVZLWKLQWKHFDLVVRQIRXQGDWLRQ%HFDXVHRILWVKLJK
VWLIIQHVV WKH LQVWDQWDFFHOHUDWLRQV LQ WKHFDLVVRQFDQEHDVVXPHG WRFKDQJHRQO\ZLWKGHSWK7KLVDOORZVDVLPSOH
HVWLPDWHRIWKHHTXLYDOHQWRUDYHUDJHKRUL]RQWDOVHLVPLFFRHIILFLHQWNKHTWDFWLQJRQWKHFDLVVRQGXULQJHDUWKTXDNH
ORDGLQJ7KHPD[LPXPYDOXHRINKHTWFDQEHXVHGLQDSVHXGRVWDWLFDQDO\VLVWRHYDOXDWHWKHHTXLYDOHQWIRUFHWREH
DSSOLHGWRWKHFDLVVRQIRULWVGHVLJQZLWKDSSURSULDWHVDIHW\PDUJLQDJDLQVWJHRWHFKQLFDOOLPLWVWDWHV
7RHYDOXDWHNKHTWHDFKFDLVVRQZDVGLYLGHGLQWRQKRUL]RQWDOGLVNVRIKHLJKWKLDQGFURVVVHFWLRQ$L7KHWLPH
KLVWRU\RIWKHHTXLYDOHQWKRUL]RQWDOVHLVPLFFRHIILFLHQWNKHTWZDVHVWLPDWHGDVWKHZHLJKWHGDYHUDJHIRUHYHU\WLPH
LQVWDQWRIWKHKRUL]RQWDOVHLVPLFFRHIILFLHQWNKLW DKLWJZKHUHDKLLVWKHKRUL]RQWDODFFHOHUDWLRQREWDLQHGDWWKH
FHQWUHRIJUDYLW\RIWKHLWKGLVN)RUFRQVWDQWFURVVVHFWLRQDQGXQLWZHLJKWRIWKHFDLVVRQWKHZHLJKWHGDYHUDJHRQ
WKHGLVNZHLJKW:LLVHTXDOWRWKHDYHUDJHRQWKHGLVNKHLJKWKL
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7KHPD[LPXPYDOXHRIWKHHTXLYDOHQWKRUL]RQWDOVHLVPLFFRHIILFLHQWNKHTPD[FDQEHFRPSDUHGZLWKWKDWREWDLQHG
DW WKH JURXQG VXUIDFH LQ IUHHILHOG FRQGLWLRQV NKJV PD[ DVVXPLQJ D QRQOLQHDU YLVFRXVHODVWLF EHKDYLRXU /LQHDU
(TXLYDOHQW PHWKRG DQ HODVWLFSODVWLF EHKDYLRXU DV GHVFULEHG E\ WKH +6 VPDOO PRGHO RU XVLQJ WKH VLPSOLILHG
DSSURDFKSURSRVHGE\WKH,WDOLDQ%XLOGLQJ&RGH>@)LJVKRZVWKDWWKHUDWLRNKHTPD[NKJVLVORZHUWKDQLQDOO
>WUHO@
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)LJ0D[LPXPVHLVPLFFRHIILFLHQWGLYLGHGE\WKHVHLVPLFFRHIILFLHQWDWJURXQGVXUIDFHNKHTPD[NKJVPD[YHUVXVGLPHQVLRQOHVVZDYHOHQJWKD
WKHDQDO\VHVDQGGHSHQGVRQWKHGLPHQVLRQOHVVZDYHOHQJWKD SÂ+OPZKHUHOP 7PÂ9VLVWKHPHDQZDYHOHQJWK
RI WKH LQSXWPRWLRQDQG9V LV WKH VKHDUZDYH VRLOYHORFLW\7KH UDWLRNKHTPD[NKJV GHFUHDVHVDV WKHGLPHQVLRQOHVV
ZDYHOHQJWKDLQFUHDVHVEHFDXVHRIWKHLQFUHDVLQJZDYLQHVVRIWKHPRWLRQDSSOLHGWRWKHFDLVVRQWKLVUHGXFLQJWKH
QHWH[WHUQDOIRUFHDSSOLHGWRWKHFDLVVRQ$FFRXQWLQJIRUHODVWLFSODVWLFVRLOEHKDYLRXUUHVXOWVLQKLJKHUHYDOXDWLRQVRI
NKHTPD[
&RQFOXVLRQV
7KHUHVXOWVSUHVHQWHGLQWKLVSDSHUKDYHKLJKOLJKWHGWKDWWKHVHLVPLFSHUIRUPDQFHRIVRLO±FDLVVRQ±SLHUV\VWHPV
GHSHQGV RQ JHRPHWULF DQG G\QDPLF FKDUDFWHULVWLFV RI WKH V\VWHP &RPSXWHG YDOXHV RIPD[LPXP DQG SHUPDQHQW
KRUL]RQWDO GLVSODFHPHQWV RI WKH GHFN DV ZHOO DV FDLVVRQ URWDWLRQV LQFUHDVH ZKHQ WKH SHULRG UDWLR 7HT7,VRLO
DSSURDFKHVXQLW\GXHWRWKHKLJKHUGHJUHHRIVKHDUVWUHQJWKPRELOLVDWLRQXQGHUQHDWKWKHFDLVVRQEDVH7KHFRPSXWHG
UDWLRRIWKHVHLVPLFFRHIILFLHQWDFWLQJLQWKHFDLVVRQWRWKHRQHDWWKHJURXQGVXUIDFHNKHTPD[NKJVLVDOZD\VORZHU
WKDQXQLW\DQGGHFUHDVHVZLWKLQFUHDVLQJGLPHQVLRQOHVVZDYHOHQJWKDWKDWH[SUHVVHVWKHUDWLREHWZHHQWKHFDLVVRQ
KHLJKWDQGWKHVLJQDOZDYHOHQJWK
5HIHUHQFHV
>@$ =DIHLUDNRV1*HURO\PRV2Q WKH VHLVPLF UHVSRQVH RI XQGHUGHVLJQHG FDLVVRQ IRXQGDWLRQV%XOOHWLQ RI (DUWKTXDNH(QJLQHHULQJ 
±
>@1*HURO\PRV**D]HWDV:LQNOHUPRGHO IRU ODWHUDO UHVSRQVH RI ULJLG FDLVVRQ IRXQGDWLRQV LQ OLQHDU VRLO6RLO'\QDPLFVDQG(DUWKTXDNH
(QJLQHHULQJ±
>@ & 7VLJJLQRV 1 *HURO\PRV ' $VVLPDNL * *D]HWDV 6HLVPLF UHVSRQVH RI EULGJH SLHU RQ ULJLG FDLVVRQ LQ VRLO VWUDWXP (DUWKTXDNH
(QJLQHHULQJDQG(QJLQHHULQJ9LEUDWLRQ±
>@7%HQ]6PDOOVWUDLQVWLIIQHVVRIVRLOVDQGLWVQXPHULFDOFRQVHTXHQFHV3K'7KHVLV8QLYHUVLWlW6WXJJDUW
>@3:0D\QH)+.XOKDZ\.±2&5UHODWLRQVKLSVLQVRLO-RXUQDORIWKH*HRWHFKQLFDO(QJLQHHULQJ'LYLVLRQ±
>@%2+DUGLQ)(5LFKDUW(ODVWLFZDYHYHORFLWLHVLQJUDQXODUVRLOV6RLO0HFKDQLFVDQG)RXQGDWLRQ'LYLVLRQ±
>@65DPSHOOR ) 6LOYHVWUL*9LJJLDQL7KH GHSHQGHQFH RI*RQ VWUHVV VWDWH DQGKLVWRU\ LQ FRKHVLYH VRLOV LQ 3UHIDLOXUH GHIRUPDWLRQ RI
JHRPDWHULDOV±0HDVXUHPHQWVDQGDSSOLFDWLRQ,6+RNNDLGR6DSSRUR%DONHPD5RWWHUGDP
>@ (05DWKMH 1 $EUDKDPVRQ -' %UD\ 6LPSOLILHG IUHTXHQF\ FRQWHQW HVWLPDWHV RI HDUWKTXDNH JURXQGPRWLRQV -RXUQDO RI *HRWHFKQLFDO
(QJLQHHULQJ±
>@-%ULQFK+DQVHQ$UHYLVHGDQGH[WHQGHGIRUPXODIRUEHDULQJFDSDFLW\%XOOHWLQ1R±&RSHQDJKHQ
>@;)URHOLFK%HLWUDJIXU%HUHFKQXQJYRQ0DVWIXQGDPHQWHQ(UQHVW%HUOLQLQ*HUPDQ
>@0LQLVWHUR GHOOH ,QIUDVWUXWWXUH 1RUPH 7HFQLFKH SHU OH FRVWUX]LRQL 'HFUHWR0LQLVWHUR ,QIUDVWUXWWXUH  *D]]HWWD 8IILFLDOH GHOOD
5HSXEEOLFD5RPDLQ,WDOLDQ
>@ / &DOOLVWR 0$57$ Y  D FRPSXWHU SURJUDP IRU WKH VLWH UHVSRQVH DQDO\VLV RI D OD\HUHG VRLO GHSRVLW
KWWSVVLWHVJRRJOHFRPDXQLURPDLWOXLJLFDOOLVWRDWWLYLWD
>@+%6HHG,0,GULVV6RLOPRGXOLDQGGDPSLQJIDFWRUVIRUG\QDPLFUHVSRQVHDQDO\VHV5HSRUW1R((5&(DUWKTXDNH(QJLQHHULQJ
5HVHDUFK&HQWHU8QLYRI&DOLIRUQLD%HUNHOH\&DOLIRUQLD
>@09XFHWLF5'REU\(IIHFWRIVRLOSODVWLFLW\RQF\FOLFUHVSRQVH-RXUQDORI*HRWHFKQLFDO(QJLQHHULQJ'LYLVLRQ±
>@$$PRURVL'%ROGLQL$GL/HUQLD6HLVPLFJURXQGUHVSRQVHDW/RWXQJ+\VWHUHWLFHODVWRSODVWLFEDVH'DQDO\VHV6RLO'\QDPLFVDQG
(DUWKTXDNH(QJLQHHULQJ±
N K
HT
P
D[
N K
JV
P
D[
